Abstract: To examine the feasibility of using carbon nanoparticles to track nonpalpable breast cancer for breast-conserving surgery.
INTRODUCTION

S
ince the landmark study by Shaefer, 1 breast-conserving surgery has been increasingly used in the treatment of nonpalpable breast cancer. Breast-conserving surgery, however, requires precise location and reasonable estimation of metastasis along the lymph route.
A number of techniques, including ultrasonography, 2 molybdenum target, 3 CT (computed tomography), 4 and MRI (magnetic resonance imaging) 5 have been used to locate the lesions. These methods have been proven useful, but limited as direct visual guidance during the surgery.
Carbon nanoparticles have been used to mark thyroid carcinoma to reduce accidental damage of parathyroid glands. 6 Carbon nanoparticles have also been used to track lymph drainage route for a variety of other cancers (eg, gastric). 7 In this report, we describe the successful use of carbon nanoparticles to track nonpalpable breast cancer in 16 patients. Preliminary results in marking breast cancer before neoadjuvant chemotherapy in 3 cases are also reported.
METHODS AND MATERIALS Patients
The study was approved by the Institutional Review Board of the Fuzhou General Hospital (Fuzhou, China). The current report included 16 consecutive cases of nonpalpable breast cancer (all women; age: 24-58 years) receiving breast-conserving surgery under the guidance of carbon nanoparticle marking at the Department of Surgery, Fuzhou General Hospital of Nanjing Military Command. Maximum diameter of the primary lesion, as determined by ultrasound examination before the surgery, ranged from 0.6 to 1.8 cm (average: 1.1). All cases were confirmed as infiltrating ductal breast cancer with biopsy, and met the National Comprehensive Cancer Network (NCCN) indications for breast-conserving resection. 8 
Preoperative Marking
The lesion was tracked with carbon nanoparticles. Briefly, a suspension of carbon nanoparticles (particle diameter: 150-200 nm; prepared by Pharmaceutical Department, Fuzhou General Hospital of Nanjing Military Command) was injected under ultrasound guidance at 12 points along 6 tracks (2 injection sites per track) using 23-gauge needles ( Figure 1 ). The injection sites were 0.5 cm from the apparent margin of the primary lesion. The tracks were separated by 60 degrees (Figure 2 ). Each injection contained 0.1-ml 1:1 diluted suspension (0.05-mg carbon nanoparticles).
Surgery and Postoperative Treatment
The surgery was carried out under block anesthesia with patients in a supine position. The lesion was removed en block along the outer edge of the staining. The removed tissue block was sent for rapid pathological examination using frozen sections, and then routinely using fixed tissue.
For auxillary lymph node dissection, all stained lymph nodes were removed (Figure 3 ). Lymph nodes inside the following boundaries were removed regardless of staining: the outside edge of the pectoris minor to latissimus dorsi (level I), outside edge to inside edge of pectoris minor (level II). All removed lymph nodes were examined microscopically at 150-mm interval along the long axis.
All 16 patients received systemic chemotherapy for 6 cycles after the surgery: 8 with CAF regimen (cyclophosphamide 100 mg/m . [9] [10] [11] The choice of chemotherapeutic regimen was based on physician discretion with reference to the NCCN guideline. All 16 patients received local radiotherapy, starting at 2 to 4 weeks after the completion of the last chemotherapeutic cycle. Thirteen patients received radiation (6MV X-ray) to the entire breast on the lesion side (1.8-2.0 Gy/time, 5 days a week, for a duration of 5 weeks), plus extra dose directed to the lesion field (10-16 Gy/time, once every 7-10 days, for a total of 5 times). In addition to the radiation to the entire breast and tumor field, 3 patients also received radiation to the supra-and subclavical region (50 Gy, 5 days a week, for duration of 5 weeks). Thirteen of the 16 patients received perpetual hormone treatment: 20-mg/ d tamoxifen in 11 cases and 2.5-mg/d letrozole in 2 cases. 
Effectiveness Measures
Resected tissue blocks were examined pathologically using a routine procedure. As this is not a clinical trial, we did not set a rigid protocol for the follow-up. Nevertheless, the follow-ups were attempted every 6 months, and included a complete physical, standard blood panel, colored ultrasound examination of the breasts, B-ultrasound examination of the abdomen, and serum carcinoembryonic antigen (CEA) and carbohydrate antigen 15-3 (CA 15-3). Mammography and chest X-ray examination were scheduled every 12 months. Aesthetic appearance of the breast was evaluated immediately before the initiation of radiotherapy using the Rose methods. 12 Standard parameters (eg, operation time and blood loss) were recorded during the surgery. The final follow-up was conducted in all 16 subjects in December 2013.
This report also included 3 cases of carbon nanoparticle marking in patients receiving neoadjuvant therapy (standard TAC regimen for three cycles) followed by breast-conserving resection in combination with auxillary lymph node dissection.
RESULTS
Surgery
Preoperative marking was uneventful in all 16 cases. The baseline characteristics are shown in Table 1 . The duration of the procedure was 8 min (range: 5-10). No allergic reaction was observed. Breast-conserving surgery was conducted as planned (12-72 h after the marking) in 15 cases, and 14 days after the marking in 1 patient (based on patient choice).
The surgery lasted for 42.54AE10.26 min. Blood loss during the surgery was 15.65 AE 4.37 mL. No apparent contamination was observed. The maximum diameter of the removed tissue block ranged from 3.0 to 5.5 cm. No cancer cell was noted in the edge of removed tissue in any case. The distance between the edge of the lesion to the edge of the removed block was 1.0 cm (range: 0.8-1.5 cm).
The TNM stage in the 16 cases included: T1N0M0 in 7, T1N1M0 in 2, T2N0M0 in 4, and T2N1M0 in the remaining 3 cases. In each of the 16 cases, 1 to 3 stained lymphatic vessel(s) were identified. Stained auxillary lymph nodes (1-3 in each case) were also noted. Cancer cells were identified in stained lymph nodes in 10 cases (1/1 in 8 cases, and 2/2 in 2 cases), and not in the remaining 6 cases (0/1 in 4, 0/2 in 1, and 0/3 in 1 case). No cancer cell was identified in any of the unstained lymph nodes (8-16 per case).
Follow-Ups
The follow-up lasted from 2 to 22 months (median: 14.5 months). No recurrence or distant metastasis was noted in any of the 16 cases. The aesthetic appearance was ''good'' in 13, ''fair'' in 2, and ''acceptable'' in the remaining 1 case.
Preliminary Studies for Neoadjuvant Chemotherapy
The carbon nanoparticle was used to track non-palpable breast cancer before neoadjuvant chemotherapy (standard TAC regimen for three cycles) followed by breast-conserving resection in combination with auxillary lymph node dissection in three cases of infiltrating ductal cancer (BI RADS 5) using identical protocol, with the exception of three cycle of neoadjuvant chemotherapy before the surgery. The surgery was completed in 30-55 minutes. The resection edge was free from cancer cells in all 12 directions in all three cases. Cancer cells were identified in 1/1, 0/1, and 0/2 of stained auxillary lymph nodes.
Unstained lymph nodes were not removed/examined due to ethical consideration (promising results in the 16 cases not receiving neoadjuvant chemotherapy). The follow-up (range: 6-18 months) lasted for 6, 10, and 18 months in the 3 cases, respectively. The last follow-up (in December 2013) included a complete physical, standard blood panel, colored ultrasound examination of the breasts, B-ultrasound examination of the abdomen, mammography, chest X-ray, and serum CEA and CA 15-3, and failed to discover any evidence for local recurrence or distant metastasis.
DISCUSSION
With the increasing popularity of mammography, nonpalpable breast cancer is being increasingly detected. The results from the current study confirmed the feasibility of using carbon nanoparticles to track nonpalpable breast cancer before breast-conserving surgery. The marking around the lesions provided visual guidance for removing the lesions. Cancer cells were identified in stained lymph nodes in 10 of the 16 cases, whereas no cancer cells were identified in unstained lymph nodes upon pathologic examination of the removed lymph nodes. Consistent with the goal of preserving healthy tissue, the maximum distance from the resection edge to the edge of the cancerous tissue was <1.0 cm in majority of the cases (12/16). We believe that such a method is particularly useful for women with small breast (and consequently a need to preserve as much healthy tissue as possible). Apparently, the maximum distance from the resection edge to the edge of the cancerous tissue is not satisfactory in all cases. There is a clear need to fine-tune the method, including optimizing injection dose and identifying factors (eg, advanced age) that could increase the dispersion of the carbon nanoparticles.
Another serendipity finding of the current study is that the marking could still be used 14 days after the injection of carbon nanoparticles.
Complete removal of the lesions while preserving healthy breast tissue remains often an art rather than science. Staining with dyes (eg, methylene blue, ink, and gentian violet) has been used to mark the lesions and to provide visual guidance during the surgery, but is prone to contamination of surrounding tissues, 13 as well as local reaction. 14 Tags (eg, guide wire, probe and radionuclide) typically only mark the lesion center, and thus are limited in determining the extent of the lesions. 15, 16 Also, tags are associated with a variety of adverse effects, such as local hemorrhage and even tumor spreading along the needle route. 17 The use of radioactive isotope has inherent danger, and could be disastrous upon leakage.
Another critical issue in surgical treatment of breast cancer is estimation of the lymph node involvement. The methods for identifying sentinel lymph node are less developed than for identifying the primary lesions. A study by Ko et al 18 suggested that injecting activated carbon into nonpalpable breast cancer is helpful in identifying sentinel lymph nodes. Also, a comparison study with methylene blue seemed to suggest higher sensitivity of activated carbon particles in detecting sentinel lymph nodes. 19 But apparently, dye injection into the lesions is associated with a risk of dissemination of tumor cells along the needle track. In our study, the carbon nanoparticles were injected along the periphery of the lesions under ultrasound guidance, and thus could avoid tumor dissemination.
We did not notice any sign of recurrence or metastasis in any of the 16 cases. Such a finding is encouraging, but needs to be interpreted with caution; the current study is a retrospective analysis with only short-term follow-up.
In a pilot study, we used carbon nanoparticles in 3 patients receiving neoadjuvant chemotherapy before breast-conserving surgery. The marking greatly facilitated the surgery. More importantly, no recurrence was noticed in any of the three cases. These findings suggest that carbon nanoparticles could be effectively used to track the lesions that would have been difficult to identify otherwise after neoadjuvant chemotherapy.
The nanoparticles used in this study ranged from 150 to 200 nm in diameter, 20 and thus could readily enter lymph capillary but not blood vessels. The safety profile of this preparation has been established for use in colorectal as well as in thyroid cancer. 6, 20 In summary, the advantages of this method include:) technical feasibility; clear visual guidance during the surgery, and as a result, minimized risk of cancer spreading due to surgical maneuver to identify the lesions and potentially preservation of more healthy tissue; potential to identify sentinel lymph node. These features are particularly important for Asian women with typically smaller breasts, 21 and consequently a need to preserve as much healthy breast tissue as possible.
CONCLUSION
Marking with carbon nanoparticle is a safe and feasible method for localization of nonpalpable breast cancer for breastconserving surgery. The potential to identify sentinel lymph node needs to be further explored.
